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ARTICLE INFO ABSTRACT

Keywords In this work the ability of ZnAlFe-CO3 layered double hydroxides (LDHs) as highly efficient UV-Vis light pho-
LDH tocatalysts for the photochemical oxidation of NO gas was studied. LDHs with 3.5 to 4.1 M2*/M3* and 0.33 to
Hydrotalcite 1.55 Fe/Al ratios were prepared by a coprecipitation method. The samples were characterized by different tech-
Photocatalyst niques such as XRD, XPS, FT-IR, ICP-MS, TG, SBET, SEM and Diffuse reflectance (DR). The increased presence of

Nitrogen oxides

the Fe3™ ions gave rise to changes in the structure, morphology and optical properties of the LDHs. The prepared

ZnAlFe-COg systems exhibited increased surface area and enhanced visible-light absorbance. The photochemical
NO abatement resulted in outstanding conversion efficiency (56%) and selectivity (93%) for the iron containing
samples, due to a decrease of the € /h* recombination, higher generation of *O,~ and *OH radicals and their NO,

adsorption ability.

1. Introduction

The pollution in urban atmosphere is a major concern for mod-
ern society being one of the most serious environmental problems.
Among the primary air pollutants, the presence of nitrogen oxides gases
(NOx = NO + NO») is highly relevant because they cause several ad-
verse and harmful effects [1]. The transport sector contributes to about
30-40% of the emitted NOyx, of which 80% comes from diesel-powered
vehicles [2,3]. As the emissions from diesel cars worsen with age [4],
and because of the increase in road traffic, the recommended maximum
amount of breathable NOx is still often exceeded, especially in large
cities [5,6].

In recent years, with the aim to confront this environmental prob-
lem, photocatalysis has been proposed as a viable technology to rem-
edy NOx pollution (De-NOy action) at ppb-ppm levels in surrounding
air [7]. Thus, photocatalytic De-NOx removal is carried out in the pres-
ence of sunlight, atmospheric oxygen and water, all being abundant and
already present in working ambient [8,9]. The feasibility of this re-
mediation technology is demonstrated in many field tests [10,11] and
corroborated by a great variety of commercial products available on
the market, using TiO, as a photocatalyst due to its stable chemical
properties. However, the large implementation of this promising air pu-
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rification technique requires tackling some of the drawbacks observed
for TiO,, such as its inability to exploit the visible light radiation,
the low De-NOx selectivity causing emissions of the higher toxic NO,
molecules in the atmosphere [12-14], and its potential toxicity when
inhaled [15]. In this sense, a large variety of semiconductor photo-
catalysts have been proposed as an alternative to titanium dioxide,
with CH0'081HO‘25ZH31‘41 [1 6], LaFe03-SrTi03 [17], p-g-C3N4 [18],
C3Ny/graphene-InVO4 [19], Bi@Biy0,Si03 [20], BiOCl [21],
SrCO4-BiOI [22], BiyMoOg [23], Bi/ZnWoO, [24], a-Fe,053 [25],
WO3/Zn0O [26], ZnO@SiO, [27]; Bi@BiyGeOs [28], among the latest
advanced De-NOx compounds reported.

In this field of research we have just proposed the use of layered
double hydroxides (LDH) as promising De-NOx photocatalysts for the
first time [29]. LDHs are layered materials with the general formula
M;_x T M(OH),1* X y/n ™ mH,0, where M(II) and M(III) are di-
valent and trivalent cations and X is the interlayer anion. This structure
is similar to that of brucite, Mg(OH),, where a fraction of M(II) ions is
replaced by M(III) ones. The excess of positive charge in the layers is
balanced by intercalating anions and water molecules in the interlayer
space. Metal ions and interlayer anions may vary over a wide range,
while a metal ratio M(II)/M(II) could be in the range 0.1 < x < 0.33
[30]. Recently, LDHs were considered as novel photocatalysts
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in processes such as aerobic degradation of pollutants [31], photocat-
alytic water splitting [32] and CO, photoreduction [33]. The unique
structure, uniform distribution of different metal cations in the brucite
layer, surface hydroxyl groups, flexible tunability, a variety of interca-
lated anions in their interlayer spaces, swelling properties, oxo-bridged
linkage, high chemical stability and easy preparation are some of the en-
couraging advantages of the use of this group of materials as photocata-
lysts [34].

In the field of De-NOx photochemical processing, and considering
the high efficiency and selectivity of a Zn based photocatalyst [26,27],
our first approach in the use of LDH was related to the ZnAl-CO3 system
[29]. This photocatalyst, working under UV light, exhibited high NO
removal efficiencies and impressive selectivity to the De-NOx process.
However new advances are necessary in the search of photocatalysts to
be used in applications for DeNOx remediation of urban atmosphere,
where the availability of UV light is sometimes limited due to the urban
architecture, geographical location and gloomy weather conditions [7].
Thus, the visible light activation of a DeNOx photocatalyst is mandatory.
To this aim, the present work treats the effect that gradual Fe3* for AI**
replacement has on improving LDH De-NOx performance, i.e. on shifting
their photocatalytic activity to the visible range and the enhanced NO,
adsorption. Moreover, by using EPR and PL techniques, the enhanced
photocatalytic mechanism of NOy removal by using ZnAlFe-CO3 LDH
was explained.

2. Materials and methods

Zn(NO3)o6H50, Al(NO3)9H,0 and Fe(NO3)9H,0O were purchased
from PanReac AppliChem. 5,5-dimethyl-l-pyrroline-N-oxide (DMPO)
was acquired from Sigma Aldrich. All the chemicals were at least
98-99% pure and demineralized water was used in the experimental
section.

2.1. Synthesis of LDHs

The coprecipitation method was used to synthetize ZnAlFe-LDHs
with different Fe/Al ratios. 100 mL of 0.015M solution of
Zn(NO3)y6H,0, AI(NO3)}9H,0 and Fe(NO3)-9H,O (Zn/(Fe + Al) = 4;
Fe/Al = 0, 0.3, 0.6, 0.9, 1.2, 1.5) was added drop-wise into 100 mL of
0.01 M NayCO3 solution under stirring at room temperature. The con-
stant pH = 10 was kept by dropping a 2.0 M NaOH solution during the
coprecipitation reaction. The slurry obtained was then stirred for 3 h,
centrifuged, washed with distilled water to be neutral (pH = 7.0), and
dried in an oven at 60 °C. The LDHs prepared were labeled as ZAFO,
ZAFO0.3, ZAF0.6, ZAF0.9, ZAF1.2 and ZAF1.5, the number denoting the
initial Fe/Al ratio.

2.2. Characterization of the photocatalysts

X-ray diffraction (XRD) patterns of powdered samples were col-
lected on a Bruker D8 Discovery instrument using Cu Ka radiation
(» = 1.5405 A) at the step size and step counting time of 0.02° (26)
and 0.65 s, respectively. Infrared spectra (IR) analyses from 450 to
4000 cm™! were carried out on transmission mode in a FT-MIR Bruker
Tensor 27 with a resolution of 1 cm™!. Nitrogen adsorption—desorption
isotherms were recorded at 77.4 k in an ASAP 2020 apparatus (Mi-
cromeritics). Prior to the sorption measurements, samples were degassed
at 105 °C under vacuum for 3 h. Specific surface areas were estimated
from the N, adsorption isotherms, using the multipoint Brunauer-Em-
mett-Teller (BET) method over the relative equilibrium pressure in-
terval 0.05 < P/Py < 0.30. Scanning electron microscopy (SEM) im-
ages were obtained with a Helios Nanolab 650 microscope. Analy-
ses of chemical compositions of LDHs were performed with in-
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duced coupled plasma mass spectroscopy (ICP-MS; Perkin Elmer Nexion
X) after dissolving the samples in 0.1 M HCl. The water content of LDH
was calculated from the thermogravimetric (TG) analysis which was ob-
tained by using a Mettler Toledo apparatus in air atmosphere (flow:
100 mL min~') at a heating rate of 10 °C min~".

Diffuse reflectance (DR) spectra were collected from 200 to 800 nm
in a Varian Cary 1E spectrophotometer, at a rate of 30 nm min~! and
a step of 0.5nm. X-ray photoelectron spectra (XPS) were recorded
using non-monochromated MgK radiation (hv = 1253.6 eV) and a
hemi-spherical analyser operating at a constant pass energy of 29.35 eV
(Physical Electronics PHI 5700 spectrometer): The X-ray generator op-
erated at 15 kV and 300 W. The pressure in the analysis chamber was
about 1077 Pa. Binding energies were corrected against those for C 1 s
peak of adventitious carbon fixed at 284.8 eV. The XPS peaks were
curve-fitted by the software MultiPak version 9.3 using a convolution
of independent Gaussian and Lorentzian contributions (the so-called
Voigt profile). The steady-state photoluminescence (PL) emission spec-
tra were collected on a FLS920 Fluorimeter (Edinburgh Instrument Ltd,
Livingston, UK). Electron paramagnetic resonance (EPR) spectra were
recorded in an EMXmicro (Bruker) spectrometer at room temperature.
LDH powder was dispersed in a solution (water or methanol for detect-
ing eOH or eO,~, respectively) with 45 mM DMPO as the spin-trap agent
and irradiated for 15 min with artificial sunlight (Xe Lamp).

2.3. Photocatalytic activity evaluation

The experimental conditions to carry out the photocatalytic tests,
were based on ISO 22197-1, a method used to characterize the air
purification measurement. The performance of LDHs in photo-oxidiz-
ing NO gas was assessed in a laminar flow reactor which contained a
50 x 50 mm sample holder. The reactor was placed inside a light sealed
irradiation box (Solarbox 3000e RH) equipped with a Xe lamp with con-
trolled irradiance. LDHs were irradiated with artificial sunlight (irradi-
ances of 25 and 580 Wm~2 for UV and visible light) using 500 mg of
sample powder in each test. Synthetic air and pure NO were mixed to
create a simulated polluted urban atmosphere of 150 ppb [35] and sent
to the reactor (flow rate gas = 0.301 min~1). Air was previously passed
through a gas-washing bottle filled with demineralized water in order to
maintain the relative humidity at 50 + 5%. The concentration of NO,
NOx and NO, gases from the reactor was continuously measured in a
chemiluminescence analyzer (model Environment AC32M). Before and
after the irradiation period of each test, the air/NO gas mixture was
passed over the sample in the dark for 15 min to discard the existence of
NOy adsorption. Besides, there was no NO photolysis when the photo-
catalytic test was carried out in the absence of the sample. Each test was
done three times in order to calculate the average concentration values.
The calculated standard deviations were + 0.3 ppb for NO concentra-
tion and = 1.0 ppb for NO, and NOx concentrations. The photocatalytic
activity of the samples was studied regarding the following facets:

([No]in - [NO]out)

NO conversion(%) = NOT
in

X 100 D
([NOx);,, — [NOx1,,,,»)

NOx conversion(%) = [NOx]
Xlin

X 100 2

(INOxiy, = INOx] o)/ INOx];,

(INOY,, — [NO,,,)/INOY,, 3
x 100

Selectivity; S (%) =

where [NOJ;,, [NOxlij, and [NOlgy, [NOxloue represent the measured
inlet and outlet concentrations, respectively, and
[NOx] = [NO] + [NO].
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3. Results and discussion
3.1. Phase and composition

The XRD patterns corresponding to the ZnAl-LDH and ZnAlFe-LDH
samples are shown in Fig. 1. All the recorded XRD patterns are char-
acteristic of layered double hydroxides, with higher intensity peaks
(a basal diffraction plane with its corresponding harmonics, 0 0 [) at
20 values below 30°, and with broader and lower intensity (hk )
peaks above this value [36]. The basal spacing of around dgg3 = 7.6 A
obtained for all samples indicates that the carbonate anion is situ-
ated in the interlayer of LDH [37]. In comparison with the ZnAl-CO3
LDH system previously reported [29], the XRD reflection peaks in the
ZnAlFe-LDH samples are small and broad, suggesting that gradual sub-
stitution of AI>* by Fe3* provokes a decrease in the size of the crys-
talline domains of the samples. XRD patterns also show that the re-
placement of AI** for Fe3* ions in the samples provokes a slight shift
of the 0 01 reflections towards higher two theta degrees, thus indicat-
ing that the value of the lattice parameter ¢ decreases (Table S1). This
presence of Fe3* increases the effective layer charge and thus increases
the attraction between positive layers and interlayer anions. Moreover,
the slightly larger ionic radius of Fe3* (0.69 A) with respect to A3+
(0.67 i\) causes a slight increase in the lattice parameter a.

In Fig. 1, it is observed that XRD patterns of the ZnAlFe-LDH sam-
ples are similar in the 0.33-1.22 Fe/Al ratio range, confirming the crys-
tallization of only a pure LDH phase. However, when increasing this ra-
tio to 1.55 significant changes are observed in the XRD pattern of the
ZAF1.5 sample (Fig. 1). Now a new low intensity reflection appears
at around 17 two-tetha degrees and the (0 1 2) plane becomes higher
in intensity and slightly shifts two-theta degrees higher. Both reflec-
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Fig. 1. XRD patterns for the ZnAl-LDH and ZnAlFe-LDH samples (*: FeoCO3(OH)3).

Table 1
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tions could be tentatively assigned to the presence of the Feo,CO3(OH),
phase (ICDD card n° 01-076-6357) [38]. Figure S1 (in Supplemen-
tary Information) comparatively shows the C 1s, O 1s, Fe 2p, and Zn
LMM normalized XPS spectra of the ZAF1.2 and ZAF1.5 samples. In
addition to the peak of adventitious C (284.8 eV), the intensity of the
peak at 289 eV associated with CO52~(OH™) [39] is higher for the sam-
ple ZAF1.5, which corroborates that by XRD. All the rest of the sam-
ples showed a peak at 289 eV with an intensity similar to that shown
for sample ZAF1.2 (Fig. S1). Ols peak at 531.4 eV was attributed to
CO52~ and OH™ [39-41]. Figure S1 also shows the pattern of the Zn
LMM Auger bands, with the main peak at around 988 eV kinetic energy
(498 eV binding energy) corresponding to the Zns(CO327)5(0OH)g [39].
As shown by the pattern of the Al 2p (not shown) and Fe 3p regions
and their binding energies (Fig. S1), the oxidation states were ARt and
Fe37, respectively.

The Fourier Transform Infrared (FT-IR) spectra of the samples ZAFO
and ZAF0.6, by way of example, is included in Fig. S2 and is char-
acteristic of LDH compounds [36]. The most representative features
are: a broad band around 3500 cm™' corresponding to the hydroxyl
groups vibrations, a band at 1634 cm™! due to the bending mode of
water molecules and the splited band around 1400 cm™! (at 1366 cm™!
and 1507 cm™1) of the carbonate vg antisymmetric vibration mode. This
splitting is a consequence of the symmetry lowering from D3y, to Cyy, for
the free carbonate and the interlayered LDH carbonate, respectively, due
to its interaction with the OH™ groups and HO molecules. This split-
ting is more pronounced for ZnAlFe LDH phases [36] which confirms
the Fe presence in LDH brucite-layers (Fig. S2). The decrease of sym-
metry, also gives rise to the activation of carbonate v; mode, infrared
inactive in the free carbonate, with the corresponding band around
1075 em™!, together with the bending vibrations of OH groups in the
850-1000 cm™! range. However, this range of IR spectrum is more com-
plex because the carbonate bands could be overlapped with OH groups
and metal-oxygen vibrational bands, as is the case in the ZAF sample
[36,42,43].

Table 1 shows the data corresponding to the chemical analysis of
the pure LDH samples. In the case of the ZAFO, the Zn/Al molar ratio
is similar to that of the starting solution used to prepare the LDH ma-
terial. However, as the amount of iron increases, the Zn2*/M3* molar
ratio decreases, indicating the difficulty to preserve the M2*/M3™ ratio
constant during the building of the LDH framework. The Zn/(Al + Fe)
atomic ratio, together with the number of water molecules (those calcu-
lated from the first weight loss in the TG curve), were used to propose
the chemical formulae of the samples. It was assumed that the carbonate
anions compensate all positive charge caused by the presence of M3*
ions in the layers.

3.2. Morphology and porous structure of photocatalysts

The method of synthesis here used involves obtaining poorly crys-
talline samples. Thus for the ZAFO sample, without iron, the typical
hexagonal sheet-like structure expected for ZnAl-CO3; LDHs was not
completely formed, and the particles appear as rounded pseudo-hexag-

Chemical and physical properties for the pure LDH samples: metal content and ratio; proposed formulae; BET surface and band gap energy value.

Sample % Atomic Atomic ratio Proposed Formula SBET Band gap (eV)
Zn Al Fe Zn/Al + Fe Fe/Al (m2g~h)

ZAFO 63.16 15.34 - 411 - [Zng.1Aly 19 (OH)2](CO3) 1 -0.67H20 57.9 3.52

ZAF0.3 63.62 12.49 3.9 3.88 0.31 [Zng goAlg.15Feg.05(0H)21(CO3)0.1°0.48H20 63.5 3.21

ZAF0.6 63.62 10.30 6.51 3.78 0.63 [Zng 79Alg 13Fe0 0g(OH)21(CO3)0.11°0.50H,0 72.6 3.13

ZAF0.9 61.02 8.96 8.34 3.53 0.93 [Zn.78Alg.11Feq.10(0H)21(C0O3)0.11°0.62H,0 79.3 2.84

ZAF1.2 62.25 7.74 9.47 3.61 1.22 [Zn 78Alg 10Feg.12(0H)21(CO3)0.11°0.68H,0 87.8 2.62
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onal sheets, as observed in the SEM images shown in Fig. 2. The crystal-
lization becomes poorer with the presence and increase of the amount
of iron in the chemical formulae, the sheets being mixed with aggre-
gates of smaller amorphous particles. In the same way, the presence of
iron seems to restrain the pillaring of LDH. In fact, the thickness of the
platelets clearly decreases from 34 nm for the ZAFO to 13 nm observed
for the ZAF0.9 and ZAF1.2 samples, Fig. S3.

Subsequently, the surface area and porous structure were elucidated
from the corresponding N, adsorption-desorption isotherm of the dif-
ferent samples, Fig. 3. The isotherm shape which corresponds to a
type II, according to IUPAC classification [44] and characteristic of the
adsorption on macro and non-porous materials, is similar to that re-
ported for ZnAl LDHs [29,45]. At high relative pressure, P/Py > 0.85,
the isotherms exhibit a H1 hysteresis loop, suggesting the presence
of mesopores. The H1 loop is characteristic of agglomerates arranged
in a fairly uniform way, indicating relatively high pore size unifor-
mity and facile pore connectivity [45]. In fact, a slight broadening of
the hysteresis loop occurs when the amount of Fe in the LDH sam-
ples is increased, in agreement with the non-uniform particle size dis-
tribution observed by SEM. Specific surface areas determined by BET
method are given in Table 1 and were higher for Fe substituted sam-
ples, increasing with the iron content, which is in agreement with their
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lower cristallinity, as was confirmed by XRD (Fig. 1) and SEM charac-
terization (Fig. 2).

3.3. Optical properties

The corresponding UV-Vis spectra of the samples are shown in Fig.
4a. The absorption spectrum obtained for the ZAFO sample is as ex-
pected for Zn-Al LHDs [46,47]. As Al** ions are replaced by Fe3™,
the absorbance increases and new bands characteristics of Zn-Fe LDHs
appear at 280, 414 and 480 nm, assigned to ligand-to-metal charge
transfer (O — Fe) for Fe3* species octahedrally coordinated within the
brucite-like sheets [48-51]. The incorporation of iron ions in the LDH
structure results in the enhancement of the visible light absorption, in
agreement with the appearance of a reddish colour in the samples (Fig.
S4).

The acquired diffused reflectance spectra were converted to the
Kubelka-Munk function [F(R.,)hv]? with the objective to determine the
value of the optical band gap (Eg). The band gap energies of the sam-
ples are estimated from the tangent lines in the plots of the modi-
fied Kubelka-Munk function vs. the energy of exciting light [47], as
shown in Fig. 4b. The calculated band-gap energy for the ZAFO was
3.52 eV (Table 1), this value decreasing as the iron content increased
in the LDH compound. Thus for the ZAF1.2 sample, those with the

Fig. 2. SEM images for the ZnAl-LDH and ZnAlFe-LDH samples.
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Fig. 3. N, adsorption-desorption isotherms for the ZnAl-LDH and ZnAlFe-LDH samples.

higher content in Fe, a value of 2.62 eV is measured, similar to that pre-
viously reported for Zn-Fe LDHs materials [37,39].

3.4. Photocatalytic NO removal

The photochemical abatement of NO gas using ZnAlFe-LDH photo-
catalysts was studied. As previously reported by our group, ZnAl-LDHs
are able to activate the complete oxidation of NO molecules to ni-
trate species under sunlight irradiation [29]. Thus, once the LDH par-
ticles absorb light, an electron transfer from the valence band (VB) to
the conduction band (CB) occurs. The pairs of mobile charges (e~ and
h*) reaching the surface of the semiconductor particles [45,49] pro-
duce, as we will discuss later, reactive oxygen species (ROS) from the
adsorbed water molecules, initiating the progressive oxidation of NO
gas [7,25,52,53]. The occurrence of this NO photochemical removal
process is simply confirmed through the observation of the evolution
of the nitrogen oxide gases concentration recorded for the ZnAl-LDH
and ZnAlFe-LDH samples as a function of sunlight irradiation time, Fig.
5a. In the absence of light for the first 15 min, the inlet NO concen-
tration remained constant indicating no physico-chemical interaction
with the photocatalyst. However, a sudden decrease of NO concentra-
tion occurred just when the lamp was turned on. Under light irradiation,

the NO removal rapidly increased on time (60 min) and reached a con-
stant value, indicating the achievement of a stable photo-oxidation ac-
tivity. The photochemical process stopped when illumination was shut
down. Interesting differences were found for the NO abatement abil-
ity measured in the ZnAl-LDH and ZnAlFe-LDH samples. The presence
of Fe in the LDH compound enhanced the NO abatement in 4-11%.
The increased efficiency observed for the enriched iron samples is re-
lated with their higher surface area, which facilitates the contact be-
tween the reactant molecules and the metallic photo-active centres.
Morevover, the amount of Fe3™ present in the LDH sample is highly rel-
evant to the photochemical activity measured under only visible light
(A > 510 nm), Fig. 5b, in correlation with the changes in the band gap
values measured (Table 1). Subsequently, a minor amount of NO mol-
ecules (10-17 ppbs) are removed from the reaction chamber, which is
reasonable considering that the presence of Fe is 7 to 15 times lower
than that of Zn in the LDH formulae. Interestingly, in spite of the
minor presence of Fe, the efficiency in the NO abatement clearly in-
creases with the content of iron. This is indicative that, under visible
light, the iron centres are responsible for the light absorption and the
photochemical oxidation process. In fact, in the absence of iron (ZAFO
sample), the NO abatement was not detected (Fig. 5b). Therefore,
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Fig. 4. The UV-Vis absorption spectra (a) and the Kubelka-Munk transformed reflectance
spectra (b) for ZnAl-LDH and ZnAlFe-LDH samples.

the replacement of Al** by Fe3* ions converts the LDH into a De-NOx
visible light photocatalyst.

Apart from the enhanced NO removal, the ZnAlFe-LDH samples are
of interest because of their higher De-NOx selectivity values. During the
NO photochemical oxidation, the NO, gas appears as an intermediate,
undesired specie because it is much more dangerous than NO [12].
The De-NOx selectivity term [54], S, defines the ratio of degraded NO
that is ultimately converted into harmless nitrate rather than into toxic
nitrogen dioxide. In Fig. 5c, it can be observed that the amount of
NO, raised molecules when using ZnAlFe-LDH photocatalysts, is nearly
half that obtained by using ZnAl-LDH. As previously reported by our
group [29], in similarity to ZnO systems [27,55], the ZnAl-LDH ex-
hibits outstanding De-NOx selectivity due to the sensitivity to NO, gas.
Thus, the preliminary NO, adsorption studies carried out on the ZAFQ
and ZAF0.3 samples in the dark, Fig. S5, show that lower concentra-
tion values for NOy are measured during the first 30 min, in compari-
son to that of a blank test (without the presence of a catalyst) in which
the gas concentration remained constant. This is indicative that, dur-
ing the De-NOx process, the NO, gas molecules are probably being ad-
sorbed on the surface of LDHs, facilitating their oxidation to nitrate be-
fore being released into the atmosphere. In Fig. S5, both samples ZAFQ
and ZAFO0.3 exhibited a similar NO, gas adsorption profile in agreement
with their similar values of Zn content and specific surface area. How-
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Fig. 5. Nitrogen oxides concentration profiles obtained during the photo-degradation of
gaseous NO under light irradiation on the ZnAl-LDH and ZnAlFe-LDH samples.

ever, the release of NO, is doubled when the De-NOx reaction is per-
formed with the ZAFO sample, Fig. 5c. This would be indicative that
physical as well as electronic govern the photochemical oxidation, as
discussed below.

For practical considerations, Fig. 6a shows the NO and NOx conver-
sion and the S values measured from De-NOy tests performed on photo-
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runs during 6 h of light irradiation. The sample was washed and dried after the 3rd run.

tacalysts and compared with those for Aeroxide® TiOy P25 (Evonik),
a material broadly used worldwide as a reference in photocatalytic
De-NOx processes. The photocatalyst reusability is represented in Fig.
6b. Due to their excellent S values around 92%, the ZnAlFe-LDH pho-
tocatalysts possess a higher ability to remove the NOx oxides with
an efficiency of about 30%, higher than that of the non-substituted
ZnAl-LDH. These values are in line with the NO conversion (45-70%)
and selectivity (84-98%) values recently reported for De-NOx photo-
catalysts [13,21,23,27,56-58]. The measured values stand out from
that of the TiO5 P25 benchmark product, obtained under identical ex-
perimental conditions. As inferred from the nitrogen oxides concentra-
tion profiles obtained during the photo-degradation of gaseous NO on
TiO, P25, Fig. S6a, this photocatalyst exhibited poor ability to avoid
the release of NOy gas during the photochemical test [59]. The TiO,
P25 did not show sensitivity to adsorb NO, gas [27], which would
imply that the newly formed NO, molecules are released into the at-
mosphere before being oxidized. Therefore, its low De-NOx selectiv-
ity (40%) is detrimental for favourable NOx removal efficiency. More-
over, no photochemical activity was measured for TiO, P25 under visi-
ble light irradiation, Fig. S6b. Fig. 6b shows the diurnal mean values
of NO concentration, reaching its maximum level (~180 ppb) between
6.00 and 12.00 in the morning, measured at an urban roadside in a
highly populated city [35]. It is of interest to know how the ZnAlFe-LDH
could serve to abate this main NOx peak concentration level. Thus, the
ZAF1.2 sample was subjected to three consecutive NO photocatalytic re-
moval experiments run in periods of 6 h under similar NO concentra-
tions (NO inlet concentration of 150 ppb). The data collected (Fig. 6b)
suggest that half of the pollution peak is abated, decreasing the photo-
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catalytic efficiency by around 6% in the first three cycles due to the
deposition of the nitrite/nitrate species during the photochemical oxi-
dation process [27,29]. With the aim of eliminating these species, the
sample was washed with milli-Q water (filtered, collected and dried) af-
ter the third run. Subsequently, the efficiency was recovered in the next
two runs (1st and 2nd after washing) indicating good regeneration and
reusability for this type of photocatalyst. Therefore, the ZnAlFe-LDH can
be considered as a useful photocatalyst in the abatement of the NO ur-
ban pollution.

3.5. Charge separation and oxidation mechanism

Recently, our research group reported on the ability of ZnAl-LDH
to photochemically remove the NOy from air by its conversion into
nitrate ions [29]. In the presence of oxygen and water molecules,
the photocatalytic oxidation mechanism is briefly summarized in the
NO — HNO,; - NO; — NO3~ sequential steps [29], assisting the reac-
tive oxygen species (ROS), hydroxyl and/or superoxide radicals, as
strong oxidants. The efficiency and active species involved in this mech-
anism when using the ZnAlFe-LDH photocatalyst are studied.

Photoluminescence (PL) spectroscopy is commonly used to study the
photocharge generation, transfer and separation efficiency of photocata-
lysts, including LDH compounds [60]. Fig. 7a shows the PL signal cor-
responding to the ZnAl-LDH [61] and ZnAlFe-LDH photocatalysts. Un-
der appropriate light illumination, the electrons in the valence band of
ZnAl-LDH are promoted to the conduction band, leaving a hole in the
valence band. The electrons in the conduction band are taken up by
the Al atoms while the surface OH groups accept the photogenerated
holes, which minimizes the e /h* recombination. These photogenerated
charges initiate the formation of radical reactive species [62-64]. The
high PL intensity measured for the non-substituted ZnAl-LDH is indica-
tive of the high radiative recombination rate of the electrons and holes
in the semiconductor, which competes with the reaction of the photo-
generated charges with oxygen and water molecules to form the reactive
oxygen species [19]. However, the PL signal is strongly attenuated by
the presence of the iron centres in all the ZnAlFe-LDH samples. This be-
haviour clearly indicates that a new deactivation pathway for the pho-
tocharges is now available due to the presence of the iron centres. It is
well-known that iron doping introduces energy levels into the band gap
of the ZnAl-LDH semiconductor which may act as electron scavengers
[46]. Moreover, the MMCT (metal to metal charge transfer) electron
transition through the oxo-bridged binuclear M™-O-M" linkages con-
structed in LDHs has been previously reported for catalysts absorbing
visible light [64-66]. In a similar way, the absence of any PL signal in
the ZnAlFe-LDH samples could reveal that the photogenerated charge
is mainly transferred from the zinc to the iron centres even at low per-
centages of this metal. The MMCT electron transition will result in the
production of superoxide anion radical, which is one of the main oxida-
tive species in the NO — NO3~ process. This effect should produce an
enhancement of the catalytic reaction rates, which is in agreement with
the enhanced performance commented above.

On the other hand, to shed light on the reactive species evolved in
the photochemical reaction over the ZnAl-LDH and ZnAlFe-LDH sam-
ples, EPR measurements were conducted using DMPO as the spin-trap-
ping agent under sunlight excitation, Fig. 7b and c. No signal was de-
tected when the photocatalyst suspension was in the dark. The strong
characteristic signals of *O,~ were detected in a methanolic dispersion
of the ZnAl-LDH and ZnAlFe-LDH samples (Fig. 7b), whereas peaks
of *OH where observed in the corresponding aqueous dispersion (Fig.
7c). The high intensity of both signals is indicative of the important
role played by these radical species in the photocatalytic NO oxida-
tion. The four characteristic peaks for the DMPO-*O,~ adduct were ob-
served in the case of the ZnAl-LDH sample [67]. The presence of Fe3+
ions induces changes in the shape, and a sextet peaks appear in the sig-
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nal measured for the ZnAlFe-LDH samples, resembling those observed
for Zn-Fe based compounds [68,69]. The intensity of the signal in-
creases with the Fe content (Fig S7). In agreement with the com-
mented MMCT transition mechanism, ZnAlFe-LDH samples displayed
much stronger *O,~ signals indicating that more radicals are produced
by Fe substitution. For all the samples, the signal of DMPO-*OH adduct
was consti-
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tuted by quartet peaks featuring a 1:2:2:1 intensity ratio. The results
commented above confirm the generation of reactive species and their
involvement in NO and NO, photochemical oxidation, this being en-
hanced for the ZnAlFe-LDH photocatalyst.

4. Conclusions

ZnAlFe-CO3 LHDs were studied as UV-Vis light photocatalysts for
the photochemical oxidation of NO gas. The LHDs were prepared by the
coprecipitation method, the AI** ion being gradually replaced by Fe3*
in the 0.33 to 1.55 Fe/Al ratio range. All the samples crystallized as
pure LDH phase except Fe/Al = 1.55. The increased presence of Fe3*
ions caused different structural and morphological effects. As the iron
content increased, the M2*/M3* ratio and the c lattice parameter de-
creased. Moreover, those samples enriched in iron exhibited the poor-
est crystallized particles. Consequently, the specific surface area resulted
higher for the samples containing iron, and values ranging from 58 to
88 m>g~! were determined for the ZAFO and ZAF1.2 samples, respec-
tively. Concerning the optical properties, the incorporation of iron ions
in the LDH structure resulted in the enhancement of the visible light ab-
sorption.

The ZnAlFe-LDH photocatalysts were able to activate the photo-
chemical oxidation of NO molecules under UV-Vis irradiation. The pho-
tochemical abatement of NO gas is 4%-11%, increasing with the pres-
ence of Fe in the LDH compound. This enhanced photochemical effi-
ciency is related to their higher surface area and the better sunlight har-
vesting, as the iron centres are responsible for the visible light cataly-
sis. The LDHs samples exhibited ability to adsorb NO, gas molecules ex-
plaining the outstanding De-NOx selectivity values measured (x92%),
S being higher for the iron containing samples. Moreover, the studied
photocatalysts are reusable, maintaining good NO removal for an ex-
tended period. PL and EPR measurements also served to understand
how the electronic properties also assist to the high efficiency found
in the removal of NOx gases. The high radiative recombination rate of
the photocharges observed for the non-substituted ZnAl-LDH clearly de-
creased in iron containing samples, indicating that the presence of the
iron centres in the LDH framework must promote a new deactivation
pathway for the photocharges. The EPR measurements confirmed the
participation of the *O5~ and *OH reactive species in the photochemical
processes involving in the ZnAl-LDH and ZnAlFe-LDH samples. The de-
cay of the PL signal together with the stronger *O,~ signal observed with
the increase of iron content in ZnAlFe-LDH samples suggests a MMCT
electron transition through the oxo-bridged M"-O-M" linkages in the
LDH framework.

In summary, the Fe3* substitution on the ZnAl-LDH induced changes
in the physical and electronic properties producing an enhancement of
the accessibility to the reactant molecules, of the light harvesting, of the
reaction rates and the availability of the reactive species, all of them in-
creasing the efficiency and selectivity of NO photochemical abatement.
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